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Developmental biologists understand how different cells contribute to organ function and how cellular
components work together to produce a phenotype. These insights need to be more widely applied to
systems biology. Another challenge is to incorporate real-time imaging and develop computational
approaches to model biological phenomena in four dimensions.In the film Powers of Ten, the camera
zooms in on a hand and deep into its inner
layers: into the skin tissue, into a single
cell, into its nucleus, and finally, into its
DNA. In a few frames, this movie captures
a fundamental conundrum for biologists:
How do we conceptually integrate the
different levels of organization? In biology,
we are frequently trying to understand
the effects of molecules on cells, the
impact of cellular interactions on tissues,
the role of tissues in forming organs, the
interactions between organs to make
an organism, and so forth. While we are
aware that each organizational level in
an organism is integral for the functioning
of the next, we tend to take shortcuts in an
effort to reduce the complexity of the
problem before us.
A case in point is genome-wide expres-
sion analysis. Whether for RNA, proteins,
or metabolites, the common approach
has been to analyze entire organs (heart,
liver, leaf, root) or established cell lines
of a single cell type. For organs, this aver-
ages expression across heterogeneous
cell types. Frequently, expression specific
to a cell type that is not very abundant
is completely missed, even when the ex-
pression levels are quite high. Established
cell lines, on the other hand, run into the
problem that cells frequently lose some
of their differentiated properties during
culturing.
As developmental biologists, we are
keenly aware that an organ is not a homo-
geneous mass of tissue. It is the interplay
of the different cell types within an organ
that is critical to the ability of the organ to
function. Therefore, it is imperative that
we perform our analyses at the level of
these individual cell types as well as at
the level of thewhole organ. Newmethodsare continually being developed that allow
us to do this. These include laser capture
microdissection, cell sorting, and the
recently developed INTACT method for
purifying nuclei from specific cell types
(Deal and Henikoff, 2010). None of these
methods is perfect, and there is room for
improvement. Nevertheless, mounting
evidence indicates that when genome-
wide analyses are performed at the level
of individual cell types, there is a vast
amount of new information obtained that
was unobtainable when entire organs
or organisms were assayed. For example,
when developmental stages were an-
alyzed along individual Arabidopsis roots,
fluctuating gene expression patternswere
identified that could not have been
observed if the whole root was assayed
(Brady et al., 2007). This is true both under
standard laboratory conditions and when
the organism is subjected to environ-
mental stimuli. Indeed, a detailed analysis
of the response to salt stress and to
low iron conditions at the level of individual
cell types in the root led to the discovery of
approximately eight times more respon-
sive genes than were previously identified
through whole-organ analyses (Dinneny
et al., 2008).
We also need to better integrate infor-
mation about the interactions of all types
of cellular components to understand
cellular and organismal dysfuntion. In
part because many of the key regulators
identified by genetics turned out to be
transcription factors or signaling mole-
cules, developmental biologists tend to
ignore other cellular components. Recent
findings from a number of directions,
including the study of cancer (Hanahan
and Weinberg, 2011), suggest that for us
to have a clear picture of how biologicalDevelopmental Cprocesses truly function, we will need to
have a systems-level understanding in
which all cellular components are inte-
grated into interlocking networks. While
advances have been made in methods
that systematically identify cellular com-
ponents such as metabolites, there is still
a pressing need for further improvements
in this area. Such network integration of
biological components will allow us to
gain insights into complex quantitative
traits in which hundreds or thousands of
genes of different functions are frequently
implicated. Only when the connections
among the gene products are understood
will we be able to understand how they
contribute to the trait and be able to
devise effective therapies for complex
disease phenotypes (Benfey and Mitch-
ell-Olds, 2008).
In addition to focusing attention on
specific cellular components, develop-
mental biologists naturally think about
changes occurring over time. Whether it
is the massive cell movements that occur
during animal embryogenesis or the
stereotypical divisions of a plant meri-
stem, developmental biologists long ago
realized that the dynamics of a process
are critical. With large-scale analysis of
gene expression or protein-protein inter-
actions, there is a tendency to view the
resulting data sets as a final product.
Instead, they are important first steps. A
major challenge ahead of us is to find
ways to acquire data sets over time inter-
vals that are meaningful for the organism.
Clearly, acquiring time series usingmicro-
arrays or other genome-wide approaches
can be informative. However, there is
always the question of what the correct
time interval should be. For instance,
during mouse embryogenesis, shouldell 21, July 19, 2011 ª2011 Elsevier Inc. 27
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hour, every minute, or even every
second? A solution to this is to obtain
continuous real-time information through
imaging rather than relying on discrete
time points. A major limitation to this
approach currently is throughput, but
progress is being made to automate
image acquisition and analysis for single
cells, organs, and organisms. In the near
future, these methods should allow us to
follow cells and their components as
they undergo development and respond
to external stimuli. It is likely that one of
the important realizations from this work
will be that there is far more heterogeneity
within a cell population than we generally
believe (Altschuler andWu, 2010). Biolog-
ical processes seem to be inherently
noisy, with a high degree of variability
among individuals of identical genotypes.
Documenting and analyzing that vari-
ability should provide novel insights
into many biological processes. Another
major hurdle in dealing with time-depen-
dent phenomena is that the human brain
is not very good at thinking in four dimen-
sions. We do okay with two and three
dimensions, but when working with time-
dependent data, most of us find it hard
to conceptualize, much less model, what28 Developmental Cell 21, July 19, 2011 ª20is happening. Fortunately, other fields,
most notably mathematics and physics,
have been working on time-dependent
processes for many years, and we can,
in principle, make use of their knowledge.
There remains a problem, however. Most
of the currently available computational
approaches were developed to model
physical phenomena for which the impor-
tant parameters are known or readily
obtainable. For most problems involving
molecular interactions, we have great
difficulty in approximating key parameters
such as binding constants, decay rates,
anddiffusion rates. Thus, using a standard
approach, such as employing differential
equations, to model time-dependent
phenomena can be problematic for
many biological processes. Alternative
approaches for which few parameters
are needed, such as Boolean networks,
have their own drawbacks. For a Boolean
network, each node is associated with
a logic function—and, or, etc.—which
can be updated based on a set of rules.
How well such logic functions can model
each step in a pathway to take into
account greater biological complexity
and approximate biological processes,
such as development, remains an open
question. The hope is that, with increasing11 Elsevier Inc.numbers of theorists drawn to systems
biology, a new mathematics suited to
time-dependent biological processes will
emerge.
As we improve our abilities to analyze
and model the interactions of cellular
components, cell types, tissues, and
organs with real-time dynamics, we can
imagine a time when a new film can be
made in which, instead of moving by
powers of ten, the camera is able to
continuously zoom in all four dimensions.REFERENCES
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